A standard P adsorption procedure was proposed and the ability of four laboratories to produce consistent results over a wide range of soils was determined. For this procedure, 0.5 to 1.0 g of soil were shaken in 0.01 mot L CaCI at a soil/solution ratio of 1:25 in containers allowing a 50% head space for 24 h at 24 to 26°C on an end-over-end shaker. Initial dissolved inorganic P concentrations of 0 to 323 smol P L (as KHPO4 or NaH1`04) were used and microbial activity inhibited by 20 g L chloroform. Excellent agreement between the four laboratories was obtained for the amount of P adsorbed by the 12 soils studied, with a mean coefficient of variation (CV) over all P levels and soils of 0.91 01o. The laboratories also exhibited a high degree of replication of individual treatments with no laboratory showing a strong consistent bias across all soils and P levels in terms of P adsorption. Langmuir, Freundlich, and Tempkin adsorption models were highly correlated with the adsorption data. Respective mean correlations for the 12 soils were 0.98, 0.97, and 0.95. The proposed method, therefore, has the potential to produce consistent results that can be used to predict partitioning of dissolved inorganic P between solid and solution phases in the environment. Laboratory adsorption procedures have been used for many years to measure phosphate retention characteristics of soils and sediments (Logan, 1982; Nelson & Logan, 1983; Rao et al., 1980 ) and the results have been used to represent P adsorption by standard isotherm models such as those of Langmuir and Frundlich (Barrow, 1978; Olsen & Watanabe, 1957) . The procedures used by researchers over the years have varied widely, and this has made comparison of isotherm coefficients from different research difficult, if not impossible (Rao et al., 1980) . Phosphate adsorption has been shown to vary with soil/solution ratios (Hope & Syers, 1976; Barrow & Shaw, 1979) , ionic strength (Ryden et al., 1977) , and cation species of the supporting electrolyte (Barrow et al., 1980; Helyar et al., 1976) . Researchers have also used varying equilibration periods (Rao et al., 1980) , and although adsorption is rapid, differences can occur in the range of 0.5 to 7 d most commonly used for equilibration. Other variables likely to affect equilibration are range of initial P concentrations, geometry of mixing (volume of soil suspension to headspace volume in equilibration vessel), rate and type (reciprocal vs. end-over-end) of shaking (Barrow & Shaw, 1979) , and type and extent of solid/solution separation after equilibration.
Laboratory adsorption procedures have been used for many years to measure phosphate retention characteristics of soils and sediments (Logan, 1982; Nelson & Logan, 1983; Rao et al., 1980 ) and the results have been used to represent P adsorption by standard isotherm models such as those of Langmuir and Frundlich (Barrow, 1978; Olsen & Watanabe, 1957) . The procedures used by researchers over the years have varied widely, and this has made comparison of isotherm coefficients from different research difficult, if not impossible (Rao et al., 1980) . Phosphate adsorption has been shown to vary with soil/solution ratios (Hope & Syers, 1976 ; Barrow & Shaw, 1979) , ionic strength (Ryden et al., 1977) , and cation species of the supporting electrolyte (Barrow et al., 1980; Helyar et al., 1976) . Researchers have also used varying equilibration periods (Rao et al., 1980) , and although adsorption is rapid, differences can occur in the range of 0.5 to 7 d most commonly used for equilibration. Other variables likely to affect equilibration are range of initial P concentrations, geometry of mixing (volume of soil suspension to headspace volume in equilibration vessel), rate and type (reciprocal vs. end-over-end) of shaking (Barrow & Shaw, 1979) , and type and extent of solid/solution separation after equilibration.
Adsorption procedures have been suggested for use in predicting partition of P between solution and solid phases in the environment (Logan, 1980 (Logan, , 1982 Nelson & Logan, 1983; Sharpley et al., 1981; McDowell et al., 1980) , but these are not likely to be routinely used until a standard procedure is developed. The objective of this study was to propose a standard P adsorption procedure and to determine the ability of individual laboratories to produce consistent results over a wide range of soils.
METHODS AND MATERIALS
As a result of concerns about the difficulty of comparing results from much of the published literature on P adsorption, a group of researchers met in Fort Collins, CO in 1979 to propose a standard P adsorption procedure for soils and sediments.' After revision, the following procedure was produced: The proposed batch equilibration procedure was developed on the basis of published research and the shared experiences of the committee. It was recognized that, while there is no one correct procedure, previous research indicates that there is a range of conditions under which the equilibration must be conducted if the results are to have any meaning. The aim of the committee was to standardize the procedure by selecting a fixed set of conditions that could be followed rigorously by any laboratory. In particular, the procedure uses a low and narrow range of initial dissolved inorganic P concentrations (0-323 mol L -), because these are more likely to be encountered in natural systems, and because the higher levels often used in P adsorption research may result in precipitation of P solid phases.
Two soils each were provided from Iowa, Michigan, Ohio, Indiana, Florida, and Oklahoma. The procedure was tested by Iowa State, Ohio State, Purdue, and USDA-ARS (Durant, OK P concentrations was reported by each laboratory and any deviations from the proposed procedure were noted. All laboratories used the procedure as given above, with the exception of the University of Florida. In their work, two lowest initial P concentrations, 6 .45 and 16.13 umol L, were replaced by two intermediate levels, 96.45 and 226 imol L'. The P adsorption was also measured in 0.03 mol L -KCI. Their results were not used in the comparison of P adsorption for individual initial P concentrations, but were used to indicate the effect of electrolyte cation. In addition, Iowa State performed the procedure at a soil/solution ratio of 1:10 as well as at 1:25. All laboratories analyzed dissolved reactive P as ascorbic acid reduced phosphomolybdate.
The 12 soils used in the study were analyzed at Ohio State University for pH (1:5, soil/water), total P by perchloric acid digestion (Sommers & Nelson, 1972) , and for Bray P1-extractable P (Bray & Kurtz, 1945) . Sharpley, at USDA-ARS (Durant), determined labile P by 32 P isotopic exchange (Olsen & Dean, 1965) .
The data was subjected to statistical analysis using the statistical analysis system (SAS) package at the Ohio State University Computer Center. Combined adsorption data for the four laboratories was corrected for previously adsorbed P by subtracting the measured labile P values for each soil, and the data was fit by regression analysis to the linear Freundlich, Langniuir, and Tempkin equations.
RESULTS AND DISCUSSION

Differences Among Laboratories
The 12 soils used in this study exhibited a wide range of properties (Table 1) . Nine had medium textures (loam, silt loam, sandy loam, clay loam, and silty clay loam), and there were two sands and one clay. Total P ranged from 1.813 mmol kg-' for the two Florida sands to 27.21 mmol kg' for the Hoytville silty clay loam from Ohio. Bray P1 also ranged widely from a low of 119 itmol kg in the Orangeburg loamy sand to a high of 2050 itmol kg' in the Chalmers silt loam. There was some correspondence of isotopically exchangeable P and Bray P1 phosphate, but not in all cases.
Phosphorus adsorbed was calculated for each initial P concentration level, and the results are presented in Table 2 for the four laboratories and the 12 soils. The data indicate that there was good agreement among the laboratories in all cases. Coefficients of variation (CV) ranged from 0.04 to 7.23% with a mean over all initial P levels and soils of 0.91%. Averaged over initial P levels, CV's were highest for Myakka fine sand (2.95%) and Locke sandy loam (1.87 01o) and lowest for Nicollet clay loam (0.15 07o) and Hoytville clay loam (0.29%). The higher clay soils may have more readily buffered solution P concentrations and, therefore, reduced variation. Averaged over the 12 soils, CV's were lowest for the four lowest initial P levels (0.48, 0.41, 0.77, and 0.29%) and highest for 161.3 and 322.6 lAmol L' (1.03 and 1.87%, respectively). This would indicate that the four laboratories had analytical detection limits for orthophosphate that were adequate to measure, with precision, the concentration differences found for the lowest initial P levels (0-32.25 tmol L-').
The laboratories also exhibited a high degree of replication of individual treatments. Because of this, there were significant differences among laboratories for most of the comparisons (Table 2) , even though the CV's were low. These differences must be viewed, however, in terms of acceptable variation. For example, laboratory no. 3 had significantly more P adsorbed by Orangeburg loamy sand at the 0 Amol L 1 initial P level than the other three labs (Table 2 ), yet the absolute difference among the four labs was only 0.005 mmol kg-'. The environmental implications of this difference would be considered insignificant in most cases.
Although significant differences did exist between the four laboratories, there appeared to be no evidence of bias. This was determined by examining the ranking of each laboratory at each initial P level. The number of times a laboratory ranked first (highest P sorption) or last (lowest P sorption) was summed over the 12 soils. If there was no bias, each laboratory should rank first and last three times. Cases where two laboratories had the same result for P adsorption were not included. Laboratory no. I appeared to be biased towards high P adsorption at the two highest initial P levels and laboratory no. 3 to high P adsorption at the lowest initial P level. Laboratory no. 4 showed little evidence of bias, while laboratory no. 2 showed a consistent bias toward low P adsorption, especially at the 16.13 and 161.3 tmol L-' initial P concentration. No laboratory showed a strong consistent bias across all soils and initial P levels, however, and determination of bias is made difficult by the small number of laboratories involved.
Fit to Equilibrium Adsorption Isotherms
The data for the four laboratories were combined and used for each soil to fit three equilibrium adsorption models (adsorption data was corrected for previously State pHt Ind.
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adsorbed P by subtracting isotopically exchangeable P): Langmuir, Freundlich, and Tempkin. All three models were highly correlated with the adsorption data with R1 values ranging from 0.89 to 0.99. The mean correlations for the 12 soils were 0.98, 0.97, and 0.95 for the Langmuir, Freundlich, and Tempkin models, respectively. Figures 1, 2, and 3 give the best fit plots for the three equations and the data points for three of the soils. The form of the curves were representative of that found for the other soils. All three plots show a deviation of the Freundlish isotherm to higher predicted P adsorption compared with the other two equations, but the Freundlich equation best represented the data, especially at higher P concentrations. The good fit of the data for the 12 soils to the three models can be attributed to the low initial P concentrations used in the procedure, which probably precluded any precipitation of dissolved inorganic P. These levels are in the range found most often in natural environments-even those perturbed by livestock and human wastes and fertilizers (Armstrong et al., 1974) . Examination of Fig. 1, 2, and 3 show that it is difficult to preselect initial dissolved inorganic P concentrations to uniformly bracket the P adsorption iso- therm, and additional initial P levels may need to be included in the standard procedure after examination of the adsorption isotherm.
Effect of Soil/Solution Ratio and Supporting Electrolyte on P Adsorption
The standard procedure used a soil/solution ratio of 1:25 and 0.01 mot L' CaC1 2 supporting electrolyte. In addition, one laboratory used a 1:10 soil/solution ratio and another used a 0.03 mot L KC1 supporting electrolyte. The effects of varying these two factors was examined by looking at the EPC 0 (the equilibrium P concentration at P adsorption = 0). The results (Table 3) show that P adsorption was generally lower with K as the supporting electrolyte cation compared with Ca 2*. This is similar to findings of Barrow et al. (1980) and Helyar et al. (1976) . The effect was most pronounced at higher equilibrium P concentrations. The effect of soil/ solution ratio was inconsistent and generally smaller than the effect of supporting electrolyte, yet large enough to warrant standardizing both factors in the procedure. This study showed that individual laboratories can obtain reproducible results when using a standardized procedure for P adsorption by soil, and that the data can be fit to one or more adsorption isotherms. The procedure given here incorporates features from many of those published previously, and while no one method is the best, this method has the potential to produce consistent results that can be used to predict partitioning of dissolved inorganic P between solid and solution phases in the environment. 
